,5-dichloro-3-methylimidazol-2-ylidene (f)) have been obtained in high yields and characterized by NMR spectroscopy. Furthermore, 1d was unambiguously characterized by single-crystal X-ray crystallography. Complexes 1a−f/2a−f have shown catalytic activity toward dimerization and hydrosilylation of styrenes. In particular, 1a proved to be the most efficient catalyst in the dimerization of styrene derivatives in the absence of cocatalyst. Also, complexes 1a,d showed high selectivity and moderate to good yields in hydrosilylation reactions.
■ INTRODUCTION
The synthesis and isolation of the first N-heterocyclic carbene (NHC) were reported by Wanzlick, 1,2 but until 1991 3 NHCs did not experience a remarkable development. Since then, NHCs have became an important class of ligands in organometallic chemistry and catalysis. 4 These ligands are often compared to tertiary phosphines because of the similarities in their bonding with transition metals, and in many cases, they have successfully replaced them as auxiliary ligands. However, substantial differences do exist, especially regarding their electron-donating ability. In general, NHCs are stronger Lewis bases and have a reduced π-back-bonding capability in comparison to tertiary phosphines. 5 NHCs show superior performances in many aspects, including higher versatility, easier preparation, thermal, air, and moisture stability, and lower toxicity. Consequently, complexes that incorporate these ligands are more stable toward dissociative and degradative cleavage. The applications of organometallic complexes bearing NHC ligands in catalysis are now well recognized. 3, 4 The use of nickel NHC complexes in catalysis has been eclipsed by the far wider range of applications found for their palladium and ruthenium analogues. 4 However, in the past decade several NHC−Ni(0) and NHC−Ni(II) systems have been reported. NHC−Ni(0) complexes have emerged as efficient catalysts in C−S couplings, 6 [2 + 2 + 2] cycloadditions, 7−9 and amination of aryl chlorides. 10 Nevertheless, they are very air sensitive, and their reactions usually require the use of a cocatalyst. 11, 12 On the other hand, NHC−Ni(II) complexes bearing electron-rich ligands have been synthesized to avoid the use of cocatalyst, and they have shown activity in C−C cross-coupling reactions, 11,13 polymerization of styrene, 12 amination of aryl halides, 14 and Suzuki 15,16 and Kumada reactions. 17 The first Ni(allyl)−NHC complexes were reported by the groups of Sigman et al., 18 Gomes, 19 and Caḿpora. 20 Complexes of the type Ni(allyl)(X)(NHC) (X = Cl, Br) have shown activity in several C−C coupling reactions. 14b,20,21 In particular, polymerization reactions are very important, considering the industrial application of the resulting polymers. These reactions have been performed using nickel complexes with MAO (methylalumoxane) as cocatalyst. 22 However, the application of Ni(allyl)−NHC complexes in polymerization has been quite limited. Decomposition of the catalyst due to the cleavage of the Ni−NHC bond, leading to the reductive elimination of the active species, 7a,23 has been proposed to explain the low activity of such complexes. This behavior has mainly been observed in cationic complexes. 24 Recently, this problem has been avoided by the use of functionalized NHCs, which may act as bidentate ligands due to the presence of additional donor atoms (N, S, O) in the NHC side chains. 25 The hemilabile character of these groups allows additional stabilization of the resulting complexes, whereas they maintain the catalytic activity due to the possibility of developing a vacant site. On the other hand, the base-promoted C−H activation of a labile acetonitrile ligand on a nickel−NHC center has been recently described. 26, 27 An appropriate design of the NHC ligand may also allow tuning of the electronic and steric properties of the ligand. 10, 28 We have previously reported the synthesis and reactivity of allyl−Ni(II) complexes bearing phosphines as auxiliary ligands, and they have shown great activity in alkene polymerization. 29 In this paper, we extend previous studies synthesizing a series of [(L)Ni(NHC)] + (L = allyl, methylallyl; NHC = 1-(2-picolyl)-3-(R)-imidazol-2-ylidene (R = Me, iPr, nBu, Ph), 1-(2-picolyl)-3-methylbenzoimidazol-2-ylidene, 1-(2-picolyl)-4,5-dichloro-3-methylimidazolylidene) complexes (1a−f/2a−f), reporting the high-yield synthesis of new NHC−Ni(II) complexes and their activity toward styrene polymerization. The wide range of picolyl-NHCs used allowed us to tune the steric and electronic properties of these new Ni complexes and assess the effect on the catalytic activity toward polymerization and hydrosilylation reactions of styrenes. The structure of [(CH 2 CHCH 2 )Ni(1-(2-picolyl)-3-phenylimidazol-2-ylidene)][BAr 4 F ] has been determined by single-crystal X-ray diffraction.
■ RESULTS AND DISCUSSION
Synthesis and Characterization of Ni(II)−NHC Complexes. 2-Picolylimidazolium salts constitute a family of bidentate NHC ligands easily accessible by coupling of 2-(bromomethyl)-pyridine with the corresponding imidazole derivative, as described in the literature. 24, 30 A series of this type of ligands has been prepared bearing different substituents at the 3-, 4-, and 5-positions on the imidazolium ring (see Scheme 1). Several methods can be used to prepare Ni(II)−NHC complexes; 28 among them, transmetalation from a silver precursor has proved to be very efficient. Thus, the
have been prepared by transmetalation of the corresponding silver carbenes. Silver species were generated in situ, by treatment of the appropriate 2-picolylimidazolium salt in CH 2 Cl 2 with a slight excess of Ag 2 O. The mixture was filtered through Celite. Then [(L)Ni(COD)][BAr 4 F] (L = allyl, methylallyl) was added to the previous mixture. After this treatment, complexes 1a−f/ 2a−f were obtained in good yields (Scheme 1).
All of the isolated complexes lack a C2−H imidazolium proton signal at 10−12 ppm, indicating the coordination of the 2-picolylcarbene to the nickel atom. 4 ] (1d). After recrystallization from a mixture of diethyl ether and petroleum ether, complex 1d was further characterized by single-crystal X-ray diffraction techniques. The ORTEP drawing of cation complex in 1d is displayed in Figure 1 + systems described in the literature. 18−20 In neutral complexes [NiBr(η 3 -CH 2 CHCH 2 )(NHC)] Gomes et al. 19 attributed the weakening of the bond between the metal and the allyl atom placed trans to the NHC to a stronger donor ability of the imidazol-2-ylidene ring. In our case, despite the disorder found for the allyl ligand and consequent greater deviations in bond lengths, the pyridyl ring seems to show a greater trans influence, as indicated by the Ni(1)-C(1a) distance (2.049(15) Å) being longer than Ni(1)− C(3a) (1.95(2) Å). It is necessary to take into account this indication in relation to the possibilities of hemilability and chemical reactivity of the chelating ligand.
Catalytic Oligomerization of Styrenes. Polymerization of olefins is a very important type of C−C bond coupling reaction, given the wide range of applications of polymers in industrial processes.
11 −13,15,16 Many organometallic compounds, especially those of Ni and Pd, have been used as catalysts in such processes. 25 However, a mixture of oligomers and polymers is often observed, due to the low selectivity of the catalysts. Our group has previously reported the oligomerization of styrene derivatives using Ni(II) complexes with good yields. 29 However, it has been very difficult to find highly selective processes for low-molecular-weight oligomers. In this sense, to the best of our knowledge, the new Ni(II)− picolyl-NHC complexes have proved to be more active and selective toward styrene dimer synthesis than any other reported catalytic system (Scheme 2).
The polymerization of styrene using the catalyst 1a as catalyst precursor was selected as the representative reaction to optimize the system conditions. The results, given in Table 1 , show that moderate to high yields were obtained at 60°C in short reaction times (entries 14−16), especially when low catalyst loadings were used. Another result to note is that the use of a catalytic load of 1 mol % produced the dimer with a selectivity of 100% and high yield in just 1 h (entry 17), while most of the systems previously reported require longer reaction times. 29, 35, 36 Also, a noncoordinating solvent is needed to prevent solvent coordination to the metal center. 29 It is important to note that, as shown in Table 1 , the oligomerization of styrene proceeds with high selectivity toward dimer in all cases.
The oligomerization of styrene was carried out using compounds 1a−f and 2a−f to assess the effect of the ligands in the catalytic activity. As shown in Table 2 , compounds 1a,b showed the best catalytic activity, as evidenced by the high yields and selectivity of the reaction (entries 1 and 2).
However, inclusion of Cl or a Ph ring in the imidazole backbone or a phenyl substituent in the imidazole wingtip significantly decreases the reaction yields (entries 4−6). This can be rationalized by the weaker donor properties 34 of the substituents on 1d,e and, in the case of 1f, the electronwithdrawing power of the Cl atoms. In any case, this leads to a less electron rich Ni(II) center that hinders the release of the allyl or Me-allyl ligand, which is necessary to complete the catalytic process according to previously published mechanism proposals. 29 On the other hand, Me-allyl−Ni(II) complexes 2a−f showed less activity and in some cases the absence of activity in comparison with their allyl−Ni(II) counterparts 1a-f. A similar behavior has been observed for allyl−Ni and methylallyl−Ni complexes bearing the chelating phosphine ligand dippe (dippe = i Pr 2 PCH 2 CH 2 i Pr 2 ), as previously reported by our group. 29 In addition, the oligomerization of 4-methylstyrene and α-methylstyrene was carried out to assess the effect of the methyl substituent on the catalytic system. The reaction mechanism previously proposed for the polymerization of styrene indicates a strong influence of the methyl substituent, given the nature of the allyl intermediates that have to be generated to complete the reaction. 29 The results, given in Table 3, show a decreased activity for all the catalysts tested when 4-methylstyrene instead of styrene was used as substrate (entries 1−5). In addition, the use of α-methylstyrene diminished significantly the activity of all Ni(II)−picolyl-NHC complexes; in most cases no activity was observed. Only 1a and 2a showed catalytic activity toward oligomerization of α-methylstyrene (entries 7 and 8). These results are in line with those previously published by our group, 29 indicating that the mechanism should be as depicted in Scheme 3, implying a very fast β-elimination step that explains the high selectivity toward dimer formation. It is important to note that the structure of the α-methylstyrene dimer is not homologous with those of the styrene or 4-methylstyrene dimers. Whereas 4-methylstyrene and styrene dimers have a head-to-tail structure, α-methylstyrene dimer produces (4-methylpent-1-ene-2,4-diyl)dibenzene as the only structure. NMR data suggest that α-methylstyrene dimer is produced by insertion of one α-methylstyrene into one C−H bond of another α-methyl substituent. 29 Catalytic Hydrosilylation of Styrenes. Catalytic hydrosilylation of alkenes is one of the most versatile and efficient methods for the synthesis of alkylsilanes and the preparation of organosilicon compounds on an industrial scale. 35 For this reason, it has been widely investigated using several catalytic systems. 29, 35 The conventionally accepted mechanism for this reaction includes oxidative addition of substituted silane to a metal−alkene intermediate complex, followed by migratory insertion into a M−H bond and reductive elimination by Si−C bond formation, regenerating the metal−alkene complex. An alternative pathway goes preferentially through an alkene insertion into the M−Si bond. In each case a different metal−hydrido complex is involved.
The addition of Si−H bonds across the CC double bond can give a mixture of products that follow Markovnikov or antiMarkovnikov rules. This reaction has been already studied by our group 29 and the Zargarian group 35a,b using nickel(II) complexes bearing phosphine ligands as catalysts. Hence, Rallyl−Ni−NHC complexes (1a−f/2a−f) have been tested in the catalytic hydrosilylation of styrenes (Scheme 4).
As previously stated for the polymerization reactions, our aim has been to study the effect in the catalytic system caused by several substituents on the NHC and the allyl ligand of the Ni complexes. Each catalytic run has been carried out at 60°C with Ni/R-styrene/PhSiH 3 ratios of 1/100/200, using an excess of PhSiH 3 to prevent oligomerization. Under these conditions, the hydrosilylation product isolated upon purification was either RC 6 H 4 C(R′)(CH 3 )SiH 2 C 6 H 5 (A) or RC 6 H 4 CH(R′)-CH 2 SiH 2 C 6 H 5 (B). Nevertheless, A was obtained as the major product in all cases. As shown in Table 4 , compounds 1a,d were highly selective toward product A when styrene and 4-methylstyrene were used as substrates (entries 1, 3, 10, and 12). However, 1b showed high selectivity in the styrene reaction but lost its reactivity when 4-methylstyrene was used (entries 2 and 11). On the other hand, 1e showed an opposite behavior in comparison with 1b. Compounds 2a−f gave higher yields than their allyl analogues 1a−f but proved to be less selective in all cases. Furthermore, only 2d,e showed activity when α-methylstyrene was used as substrate, but low yields were obtained. However, in these cases, B was observed as the only product, showing an inversion in the selectivity pattern presented by the other substrates. Also, trisubstituted silanes such as (OEt) 3 SiH and PhMe 2 SiH were tested, but none of them showed activity in the hydrosilylation of styrene.
Furthermore, in order to obtain information regarding the reaction mechanism, the hydrosilylation of three fluorosubstituted styrenes (F at the 2-, 3-, or 4-position of the phenyl ring) was monitored by 
a Conditions: 10 mmol of olefin, 1 mL of 1,2-dichloroethane at 60°C, reaction time 4 h. were carried out with fluorostyrene (1 mmol) and PhSiH 3 (1.3 mmol) using three sets of reaction conditions: (I) 1 mol % of catalyst at 25°C, (II) 0.5 mol % of catalyst at 60°C, and (III) 1 mol % of catalyst at 60°C. Among these experiments, those including 1e as catalyst and 2-fluorostyrene and 4-fluorostyrene as substrates were chosen to rationalize the experimental observations (see the Supporting Information for more details). As shown in Figure 2 , when the different sets of conditions are compared, it is clear that at 60°C the reaction occurs within minutes. However, at room temperature a lower reaction rate was observed and lower conversions were obtained. The fast conversion of 2-fluorostyrene in 1-(2-fluorophenyl)-ethyl)diphenylsilane (A) can be observed in Figure 3 . Also, it is important to note that the main signals in the 19 (Figure 4) clearly showed distinctive signals in the metal−hydride region at −29.28 and −29.29 ppm, indicating the presence of Ni−H intermediates. These experimental data are consistent with the participation of nickel−silyl and a nickel−hydride intermediates, as suggested by Zargarian et al. 35 However, these data are insufficient to support a complete mechanistic proposal. They also illustrate that, as a result of the weakening of the double bond in the fluorinated styrenes, the hydrosilylation processes are faster in comparison with those for the non-fluorinated analogues.
■ CONCLUSION
We have reported the synthesis of novel allyl−and methylallyl− nickel complexes bearing hemilabile picolyl-NHC carbene ligands using the transmetalation method from silver precursors. These compounds have proved to be catalytically active toward dimerization of styrenes without the use of any cocatalyst, especially 1a. The dimerization reactions were highly selective toward styrene dimers and occurred with moderate to good yields. Also, the new nickel compounds showed activity in hydrosilylation reactions of styrenes. The silylated products were mainly the Markovnikov addition products when styrene and 4-methylstyrene were used but anti-Markovnikov products when α-methylstyrene was the chosen substrate. The use of 19 F NMR and 1 H NMR with fluorinated substrates allowed us to observe some reaction intermediates, and we propose that the possible reaction mechanism is similar to that previously reported by Zargarian. 35 These catalysts have the potential to be active in other reactions, and further studies are underway.
■ EXPERIMENTAL SECTION
General Procedures. All reactions were performed under a dry nitrogen or argon atmosphere using standard Schlenk techniques. Dry and oxygen-free solvents were always used unless otherwise stated. The starting materials Ni(COD) 2 38 1-methyl-3-(2-picolyl)imidazolium bromide (a), 24 1-isopropyl-3-(2-picolyl)imidazolium bromide (b), 30a 1-butyl-3-(2-picolyl)imidazolium bromide (c), 30a 1-phenyl-3-(2-picolyl)-imidazolium bromide (d), 34 1-methyl)-3-(2-picolyl)benzoimidazolium bromide (e), 30b and 1-methyl-3-(2-picolyl)-4,5-dichloroimidazolium bromide (f) 34 were prepared according to the literature methods. NMR spectra were recorded using Varian INOVA 600 and 400 MHz spectrometers. Chemical shifts are given in ppm from TMS ( 1 H and 13 C{ 1 H}) and J values in Hz; NMR signal assignments were confirmed by 2D NMR experiments. Microanalysis was performed on a LECO CHNS-932 elemental analyzer at the Servicio Central de Ciencia y Tecnologı́a, Universidad de Cadiz. The GC/MS analyses of the catalytic mixtures were performed using an Agilent 6890N system.
Preparation of Allyl−Nickel Complexes 1a−f. Imidazolium salts of the ligands a−f (1.0 mmol) and silver oxide (0.12 g, 0.5 mmol) were stirred in dichloromethane (25 mL) at room temperature for 3 h. 85 mmol) was added to the solution, and the mixture was stirred at room temperature for 3 h. After removal of the formed silver halide by filtration through Celite, the solvent was evaporated under vacuum. The residual orange-brown oil was washed with petroleum ether and dried under vacuum to give an orange-brown solid.
[ Crystal Structure Analysis. A sample of 1d was recrystallized from a mixture of diethyl ether and petroleum ether (bp 40−60°C) at −20°C. A crystal of 1d suitable for X-ray structural determination was mounted on a glass fiber and then transferred to the cold nitrogen gas stream of a Bruker Smart APEX CCD three-circle diffractometer (T = 100 K) with a sealed-tube source and graphite-monochromated Mo Kα radiation (λ = 0.710 73 Å) at the Servicio Central de Ciencia y Tecnologı́a de la Universidad de Cadiz. Four sets of frames were recorded over a hemisphere of the reciprocal space by ω scans with δ(ω) = 0.30 and an exposure of 10 s per frame. Correction for absorption was applied by scans of equivalents using the SADABS program. 39 An insignificant crystal decay correction was also applied. The structure was solved by direct methods and refined on F 2 by fullmatrix least squares (SHELX97) 40 by using all unique data. All nonhydrogen atoms were refined anisotropically with hydrogen atoms included in calculated positions (riding model). The allyl ligand was refined split in two complementary orientations with site occupation factors of 0.71 and 0.29, respectively. Also, three disordered CF 3 groups in the anion were refined split into two complementary orientations using displacement parameter restraints. The program ORTEP-3 was used for plotting. 41 Table 5 summarizes the crystal data and data collection and refinement details for 1d. CCDC 836795 contains supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Catalytic Oligomerization Studies. A Schlenk tube was loaded with styrene, 4-methylstyrene, or α-methylstyrene (10 mmol), 1,2-dichloroethane (1 mL), and the corresponding catalyst (1 mol %) under argon. The system was heated to 60°C using a paraffin bath. The reaction time was measured from the moment the compounds were introduced at 60°C. The reaction was quenched by addition of methanol. The volatiles were pumped off, and the residue was treated with methanol to yield a white oil of but-1-ene-1,3-diyldibenzene, which was dried under vacuum. The distyrene was dissolved in petroleum ether (10 mL) and filtered through a silica gel plug. The silica gel was washed with several small portions of petroleum ether in order to remove all traces of but-1-ene-1,3-diyldibenzene. The resulting residue was dried under vacuum to constant weight.
Catalytic Hydrosilylation Studies. A Schlenk tube was loaded with olefin (10 mmol), PhSiH 3 (20 mmol), 1,2-dichloroethane (1 mL), and the corresponding catalyst (1 mol %) under argon. The system was heated to 60°C using a paraffin bath over 4 h. The reaction time was measured from the moment it was introduced at 60°C. After this period of time, a dark brown solution was obtained. The volatiles were pumped off, and the residue was treated with petroleum ether, which was filtered through a silica gel plug. The silica gel was washed with several small portions. The resulting residue was dried under vacuum, and the corresponding hydrosilylation products were observed in the form of yellowish oils. Their NMR properties were compared with data in the literature. Figures, tables, and a CIF file giving catalytic screening results and crystallographic data for compound 1d. This material is available free of charge via the Internet at http://pubs.acs.org. 
